With increasing penetration of intermittent generation in power systems, it becomes essential to develop an integrated component-oriented modeling, simulation, and optimization tool for renewable energy resources to accurately capture the dynamics of large-scale power systems. Being an open, straightforward specification of differential-algebraic equations and discrete variables for component-oriented modeling and simulation of complex system, Modelica has been successfully used in robotics, automotive, aircraft, and communication systems, and is now being considered for use in electric power systems. In this paper, we show the initial efforts in the creation of OpenRES-an open-source JModelica.org library for renewable energy resources with their control blocks, and demonstrate the use of wind-farm frequency and voltage control functions in power grid dynamic simulation that is performed on the New England IEEE 39-bus test system.
I. INTRODUCTION
With the rapidly increasing renewable penetration into the bulk power grid, understanding of their ancillary services and impacts on grid reliability is of vital importance. In addition to models of transmission networks, loads, and generators, holistic simulation of power systems requires addition of new models of intermittent energy resources (e.g., wind, solar photovoltaics, thermal, geothermal and energy storage) and other related systems (e.g., communication). The development of complex, interconnected power systems requires advanced modeling tools for detailed modeling of the entire system. On the other hand, there are no universally accepted modeling/simulation platforms that allow the technical community to study issues concerning high-renewable penetration scenarios, such as ramping events, as well as other long-term phenomena (e.g., automatic generation control (AGC), making it difficult to analyze the potential implications of renewable energy resource dynamics in short and long timeframes, ranging from subseconds to several hours. This difficulty is mainly attributed to the dual nature of the representation of power grid dynamics by differential-algebraic equations (DAEs) in transient-stability studies. For this reason, there is a need to address issues that arise from the extended-term regime via the use of variable time-step integration methods [1] . In the literature, some efforts have been made by researchers to characterize the effect of slowly varying events, e.g., renewable variability and load variation, on dynamic performance of power grids, highlighting the importance of performing extended-term dynamic simulations [2] .
To address these limitations, both academia and industry have begun to use the standardized modeling language to build standardized power system models and libraries. Modelica is one such modeling language that can help meet the requirements of current and future system development [3] . Several characteristics of Modelica (i.e., acausal, object-oriented, domain-neutral) make it well suited to system-level design and simulation [4] .
There are some commercially available Modelica development software such as Dymola, CyModelica, Wolfram System-Modeler, SimulationX, AMESim that cover most of the industry modeling and simulation fields. There are two open-source Modelica platforms, i.e., JModelica.org and OpenModelica. Now, Modelica has been introduced to energy-related system simulation [5] such as building energy efficiency [6] - [8] , power generation [9] , [10] , power flow [11] - [14] , and smart grids [15] . The most notable example of such development effort is the OpenIPSL-a library of power system component models written in the Modelica language that can be used for power system time-domain simulation [16] .
Building off of the abovementioned efforts and the OpenIPSL development, this paper demonstrates renewable energy application and highlights the prototype development of OpenRES-an open-source JModelica.org library for power grid dynamic simulation with the renewable power control capability. The OpenRES library is aimed at providing the power systems engineering community with an alternative venue for rapid development and performance testing of new component-oriented renewable resources.
Several efforts have been expended on controlling wind farms with the aim of improving the transient stability of a multi-machine power system by using commercial simulation software [17] - [22] . An active power control for a doubly fed induction generator (DFIG)-based wind farm is proposed in [23] using PSCAD/EMTDC and MATLAB. The effects of DFIG-type wind generator on voltage stability of power system are analyzed using PSAT in [24] . NREL's MAFRIT model [25] , developed in MATLAB R Simulink R , is applied to various scenarios under high wind penetration to study the performance of primary and secondary frequency response capabilities. Unlike other studies performed on proprietary (i.e., closed-source) software platforms, this study is aimed at integrating wind-turbine frequency and voltage control capability into dynamic simulation of power systems using a free, open-source platform (i.e., JModelica.org).
The paper is structured as follows: Section II describes the need and motivation to select a Modelica development platform for the undertaken study. Section III describes the test results obtained with the developed library. Finally, in Section IV, we briefly summarize our work with a discussion on future study.
II. MOTIVATION FOR THE SELECTION OF A MODELICA PLATFORM
Commercial power system software is perceived as welltested and more computationally efficient with respect to other tools. Some of these commercial tools are powerful in one particular type of analysis or only focused in a few analysis methods, each having their own models and data formats that are not operable with other platforms. Other shortcomings of the development of commercial software include license agreements that limit its use through budget constraints and lack of customizability.
A. Intrinsic Advantages of Modelica Platforms over Proprietary Software
Compared to proprietary power system simulation software such as DIgSILENT PowerFactory, GE PSLF TM and Siemens PSS R E, PSAT, PSCAD/EMTDC, Modelica has several unique advantages for power system research community as discussed below.
• Multi-physics/engineering capability: The Modelica platform empowers researchers to model and simulate any physical component that can be described by ordinary differential and algebraic equations at the lowest level, and layered composition at higher levels. In fact, several libraries from different domains, including components for mechanical, electrical, control, thermal, air conditioning systems, are available. In particular, other power system simulation tools do not allow for multi-physics/engineering modeling of system components and cross-domain simulation within the context of power systems.
• Reusability, rapid development, and flexibility: The open and flexible structure makes Modelica an excellent tool to simulate new designs and technologies. Modelica is an objectoriented language for physical modeling developed by the Modelica Association. Acausal, equation-based models of Modelica allow a component to be used in different contexts and a model to be used for different studies. It is easy to develop new component of power system rapidly. The Modelica environment free and open-source in contrast to a number of modeling tools that have a fixed set of component models and proprietary methods for introducing new components. Users of Modelica can easily introduce components that match the user's own needs. This can be done either from scratch or by using existing components as templates.
• Interoperability options and performance: Modelica offers a broad range of interoperability options. It profits from the full support of the Functional Mockup Interface (FMI) standard and Python scripting. Conjoining the multidomain modeling strengths of Modelica with the computational power of different solvers (either open-source or commercial), users can get faster simulation performance with a higher level of detail. Modelica has unique and outstanding performance for solving DAEs. By interfacing an open-source solver suite (e.g. SUNDIALS [26] ) with Modelica, an increased performance and robustness can be achieved by means of symbolic equation manipulation while handling matrices encountered in algebraic loops. These features, together with advanced numerical solvers, can enable real-time hardware-in-the-loop (HIL) simulations.
B. Selection of a Modelica Development Platform
There are two main open-source Modelica platforms, i.e., OpenModelica and JModelica.org, which enjoy years of continued development experience. OpenModelica has a userfriendly environment which allows for modeling with block diagrams, akin to Simulink R , as well as a multitude of libraries for developers. However, considering its compatibility, stability, flexibility, optimization feature, performance and potential parallel deployment on a high-performance computing (HPC) platform, we select the JModelica.org platform for our studies. Summary of comparison of the two platforms is shown in Table I . The platform consists of the compiler and the JModelica.org Model Interface (JMI) runtime library. The compiler translates Modelica source code into a model description, while using symbolic algorithms to translate the model into a hybrid DAE to generate C and XML code. The generated C code includes the actual model equations; whereas, the XML code contains model metadata, e.g., parameter values and variables [27] .
Furthermore, it should be emphasized that the Modelica modeling environment enables to develop models using a formal mathematical description and it decouples the model from the solver that is employed to provide a numerical solution of the model equations. The key factors that will change the simulation outputs are the solvers used, the integration time step, and the solver tolerance. The user has the flexibility to choose from among several types of solvers.
III. TEST RESULTS WITH WIND FARM CONTROL
In this section, we test the library we built using JModelica.org v2.2 [28] on the IEEE 39-bus test case by adding frequency and voltage control capability for a wind farm. For model explanation brevity, all simulation code is to be publicly posted online for open-source access [29] .
In this model, the 350-MW-rated wind farm is represented by an aggregated wind turbine with a DFIG (see Block 1 in Fig. 1 ), each of which has a rating of 5 MW (with about 5% penetration). The wind farm with frequency and voltage control blocks is connected to Bus 9 of the 10-generator, 39bus test system shown in Fig. 1 whose system base power is 100 MVA. Several load events are assumed to take place at Bus 24, which is a load bus marked with 3 in Fig. 1 . Load shape superimposed over the load at this bus is given in Fig. 2 . The integrated frequency (resp. real power) control and voltage (resp. reactive power) control module is designated by a block marked with 2 in Fig. 1 . The detailed representation of this control block is provided in Fig. 3 . The PID-controller parameters of the wind-turbine control module are shown in Table II . The frequency setpoint is 60 Hz, which is the same as the system (reference) frequency; the voltage setpoint is 1.0287 pu, which is the same as the Bus-9 voltage. The regulation range is set to 10%-90% of the rated real/reactive power. For testing purposes, we set up various representative load events as displayed in Fig. 2 . A load up/down-ramp of 0.4 pu/min (translating to a 40 MW/min ramp) is applied to the load at Bus 24 between 200 s and 320 s. Moreover, abrupt load variations are introduced at 420 s and 500 s, respectively. Additionally, Line 25-26 is outaged at 800 s and reconnected to the system at 850 s. Table III lists the characteristics of these events spanning a long duration. Here, it should be noted that initial values for the system are computed by a power-flow solution. The selected solver is CVODE, which is a variable-order, variable-step solver [30] . The linear multistep integration method is chosen as the Adams method; whereas, the nonlinear solver is based on the Newton method with the linear solver type being dense. Regarding the solver, an absolute tolerance of 10 −6 (for stopping criteria) is set. The simulation runtimes for the cases excluding and involving control actions are 260 s and 625 s, respectively. The type and severity of events might likely have an influence on the solution time. Nonetheless, simulation time can be reduced by both employing many other supported solvers (e.g., RungeKutta34, Dopri5, and RodasODE) and changing relative and absolute tolerance of the solver.
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The system-frequency curve without wind-farm frequency control is shown in Fig. 4(a) . The system frequency oscillates between 59.95 and 60.07 Hz. The oscillation rate is 0.20% without the wind-farm frequency regulation. In addition, the system-frequency curve with wind-farm frequency regulation is shown in Fig. 4(b) . The system frequency fluctuates from 59.983 to 60.016 Hz; the oscillation rate is 0.055% with windfarm frequency regulation. The bus-voltage profiles without and wind wind-farm voltage control are shown in Figs. 5(a) and 5(b), respectively. Figure 5 (b) indicates the benefit of having wind-turbine control in making bus-voltage profiles smoother than those of Fig. 5(a) . As the number of events and level of wind penetration increase, wind-turbine control is expected to yield a more pronounced effect. While validation and calibration of the developed models are equally important (as done in, e.g., [31] ), we devoted our effort to presenting the viability of using JModelica.org as an open-source modeling and simulation platform for power system dynamic studies. We recognize that establishing synergy between parallel development efforts (e.g., [16] ) is a key to continued adoption and success of this effort.
IV. CONCLUSION AND FUTURE WORK
This paper demonstrates the capability study conducted with the OpenRES library using renewable ancillary services, i.e., frequency and voltage control, in power system dynamic simulation. Specifically, OpenRES is tested for simulating the dynamics of a system with load ramps, wherein wind-farm frequency and voltage control functions lead to improved grid dynamic performance. Wind farms with such control capability can help the grid frequency and voltage rapidly return to their normal levels, thereby reducing the potential adverse impacts of renewable variability. Our test results approve JModelica.org as a free, powerful modeling and simulation platform to study power system dynamics.
Future work will focus on the following efforts: (1) the addition of realistic renewable energy source models to the OpenRES library; (2) running simulations by taking account of demand response, inverter-based solar photovoltaics (PV) control, and energy storage devices (e.g., batteries and plugin electric vehicles) for long-term dynamic simulation; and (3) the integration with an open-source transmission grid simulator (i.e., GridDyn [32] ). Furthermore, Modelica simulations are to be accelerated by using an HPC environment in conjunction with an open-source, scalable DAE solver suite (i.e., SUNDIALS) and a parallel-in-time solver (i.e., XBraid [33]) for large-scale cosimulation of energy conversion components in multi-energy networks for improved simulation efficiency. 
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